1. Possible hydrologic effects of changes in land use 4 2. Selected milestones in urban hydrology 7 3. Locations of Nationwide Urban Runoff Program (NURP) and U.S. Geological Survey (USGS) studies of the quantity and quality of urban stormwater runoff 7 4. Characteristics of drainage basins 14 5. Storms for which data were collected 16 6. Selected chemical constituents analyzed in the water samples 17 7. Summary of storm characteristics for sampled events 18 8. Descriptive statistics for event-mean concentrations at the Hampden, Reservoir Hill, and Bolton Hill watersheds 19 9. Comparison of observed data to selected water-quality criteria at the Hampden, Reservoir Hill, and Bolton Hill watersheds 20 10. Grouping of storm characteristics 20 11. Significant relations for grouped storm characteristics as a function of event-mean concentrations at the Hampden, Reservoir Hill, and Bolton Hill watersheds 25 12. Comparison of observed data to selected water-quality criteria for main-stem Jones Falls 27 13. Estimates of stormwater contribution to annual loads of seven selected constituents in main-stem Jones Falls, by use of two approaches 27 GLOSSARY aquifer. A water-bearing geologic formation; a source of ground water. base flow. Low flow in a stream which occurs after all storm runoff has ceased; streamflow is sustained by ground-water discharge.
concentration. An amount of a substance entrained or dissolved in another substance; in studies of water, a mass of a constituent dissolved in a volume of water, for example, milligrams per liter. correlation coefficient. An indicator of the degree of interdependence between two variables. discrete sample. A water sample taken at a single instant in time. eutrophic. Refers to over-enrichment of a body of water by nutrients, primarily nitrogen and phosphorus, to a point where excessive algal growth occurs.
event-mean concentration (EMC).
The total mass of a substance in runoff divided by the total volume of runoff; the average concentration for a storm. flow-weighted composite sample. A single water sample representing an entire storm. frequency analysis. A determination of the distribution of values that a variable has within a data set. hydrologic cycle. The water cycle; a representation of all hydrologic processes and their interaction in the atmosphere and on and below the surface of the Earth. impervious surface. A surface which will not permit water to pass through, such as concrete or asphalt.
land treatment. The practices being applied to a land use.
load. The total amount of a substance contained in a given volume of runoff. NAWDEX. NAtional Water Data Exchange, an inventory of water data from participating agencies maintained by the U.S. Geological Survey. pollutant. Any undesired material not indigenous to an environment. runoff. The portion of precipitation that, after reaching the ground surface, runs off to a water body. significance level. A measure of the certainty that can be associated with a statistical determination. STORET. STOrage and RETrieval system, water-quality data base of the U.S. Environmental Protection Agency. urban runoff. Any water draining from an urban area; as used in this report, it only includes surface runoff resulting from rainfall, although in some areas it may include snowmelt. variable. A physical quantity whose value can vary freely.
washoff. The total amount of a substance washed from an area by surface runoff. water pollution. Any condition of a body of water that reflects unacceptable water quality, usually due to human influences. watershed. A boundary defining an area of the Earth's surface where all precipitation drains to a common point. WATSTORE. WATer data STOrage and REtrieval system, hydrologic data base of the U.S. Geological Survey.
Glossary V

METRIC CONVERSION FACTORS
For the convenience of readers who may prefer to use metric (International System) units rather than the inch-pound units used in this report, values may be converted by using the following factors:
Multiply 
Abstract
Urbanization of a watershed can result in increased flooding, reduced recharge of ground-water supplies, and degradation of water quality. To aid in the transfer of new technical information to decisionmakers, some concepts regarding stormwater runoff are explained. A case study is presented to illustrate the problems associated with urbanization and an approach to their analysis. Some techniques for problem assessment are discussed, and sources of more information are identified.
For the case study, data for 36 storms sampled over a 16-month period in the Jones Falls watershed in Baltimore, Md., have been collected, verified, and entered into a U.S. Geological Survey data base. Three small watershed sites (drainage areas of 10.5, 14.2, and 16.9 acres and varying residential land uses) and one main-stem site (drainage area of 59 square miles) were monitored.
Analyses of the case study data indicate that concentrations of eight constituents in urban storm-water runoff exceed selected water-quality criteria most of the time. There are statistically significant (0.95 level) differences among the three small watershed sites for event-mean concentrations of total Kjeldahl nitrogen, total phosphorus, total copper, total lead, and total zinc. There are no significant differences among the small watershed sites for total suspended solids, chemical oxygen demand, or total organic carbon. Stormwater runoff from urban areas contributes more than 60 percent of the total annual load of total Kjeldahl nitrogen, total phosphorus, and total organic carbon in the Jones Falls; more than 70 percent of chemical oxygen demand; and more than 80 percent of total suspended solids, total lead, and total zinc.
Inadvertent detention storage affects water quantity and quality in Reservoir Hill, one of the small watersheds. Evidence suggests that trash accumulated on paved surfaces in the watershed may be a source of this detention.
Urbanization of the land usually causes increased surface runoff rates with corresponding increases in the total volume of runoff. This larger amount of storm runoff also carries with it constituents that can cause significant degradation of water quality not only in the urbanized area but downstream as well. Because of these concerns, Congress mandated that the U.S. Environmental Protection Agency (USEPA) conduct a Nationwide Urban Runoff Program (NURP) to determine the impacts of urban stormwater runoff. A study of the Jones Falls watershed in Baltimore, Md., was conducted by the U.S. Geological Survey as part of this program.
Purpose and Scope
The purpose of this report is to provide information that will help urban planners and officials identify and assess problems caused by urban stormwater runoff. It is intended to be a reference publication providing basic technical information and additional relevant material. Commonly used data-analysis techniques are presented, and principles of data interpretation are discussed. To illustrate the problems and approaches to their solution, a case study of urban runoff in the Jones Falls watershed is presented. This NURP study in Baltimore, Md., was conducted in 1981 and 1982 by the U.S. Geological Survey in cooperation with local governments. Although several agencies participated in data collection and analyses, only the data collected and analyzed by the Geological Survey are presented in this report.
INTRODUCTION
In recent years, public concern has increased substantially regarding the problems of flooding and water-quality degradation associated with urbanization.
Survey employees who assisted in the project under very difficult field conditions, most notably Robert James, Bernard Helinsky, and John Hornlein, for the installation of equipment. In particular, we would like to thank George Noah for his diligence and dedication in equipment maintenance and storm sampling.
OVERVIEW OF URBAN HYDROLOGY
Runoff 1 is a natural hydrologic phenomenon that is strongly influenced by land use. Runoff also influences land use by helping to shape the land surface, providing water supply, and affecting the suitability of land for development. Runoff transports many substances, including contaminants, from one area to another ultimately to a receiving water body such as a river, lake, bay, or ocean.
Urban runoff refers to runoff that has been affected by urbanization and includes all water draining from an urbanized area. As used in this report, however, "runoff" refers only to runoff resulting as a direct consequence of rainfall. In some areas, melting snow may also be a significant source of runoff; it is not included in this discussion because it is not generally significant in the case study area. It has long been recognized that stormwater runoff can cause localized flooding hence, the development of stormwater drainage systems in urbanized areas. More recently, the potential degradation of water quality by urban runoff has also been addressed, particularly by the Nationwide Urban Runoff Program (U.S.Environmental Protection Agency, 1983). Urban land surfaces accumulate contaminants, which, when washed into streams or lakes in sufficient concentrations, can significantly degrade the water quality of that receiving body of water.
When rain falls, it runs off or soaks into the ground, and most of it eventually returns to the atmosphere by way of evapotranspiration these processes taken together are known as the hydrologic cycle. Figure  1 shows the hydrologic cycle with the five principal components precipitation, runoff, infiltration, evaporation, and transpiration. Figure 2 shows a comparative water balance of the infiltration/runoff process for forested, rural, and urban land uses. It indicates an additional component of the hydrologic cycle storage that is actually a temporary process preceding evapotranspiration. Generally, rainfall reaching the ground surface has three possible short-term fates: it can run off the land surface, infiltrate the land surface and percolate to the ground-water reservoir, or go into storage on or near the surface.
Storage includes water that fills surface depressions, is intercepted by plants, or is retained as soil moisture. It is important to note that water in nature is very dynamic it does not reside in one place for long. Surface runoff, for example, will flow downgradient toward a stream, but on its way, it can infiltrate into the soil or evaporate into the atmosphere. Ground water generally flows slowly toward a point of discharge, such as the ocean, but it can also seep into a stream or flow at a spring.
All three land uses can share a common watershed and ground-water aquifer and are hydrologically interdependent. Runoff and the substances it transports from upstream areas can eventually move to the lower areas of a watershed for example, agricultural chemicals such as pesticides can degrade downstream water supplies and fisheries. The quality of runoff from urban areas may be an even greater concern in some watersheds, however, because most urban areas are located near water bodies. Thus there may be little opportunity to mitigate the impact of urban runoff upon those water bodies. With regard to agricultural contaminants from upstream areas, there may be greater opportunity for natural processes to effectively remove contaminants from the environment through deposition, adsorption, or chemical transformation. Also, the concentrations of substances such as organic carbon and metals in urban runoff are generally much higher than in rural/agricultural runoff. Some of the hydrologic effects of urbanization are summarized in table 1. Figure 2 illustrates a situation common to humid areas in the United States. The arrows indicate the relative proportions of rainfall that run off, infiltrate, and are stored. Generally, very little of the rainfall in forested areas runs off, and therefore streamflow tends to increase only slightly. Runoff is greater from rural/agricultural areas, and the streamflow tends to increase significantly. In heavily urbanized areas, more of the rainfall runs off, thereby increasing the likelihood of flooding in those areas that lack suitable means for accommodating storm runoff. Figure 3 shows the urban area infiltration/runoff process in greater detail. There are three principal reasons for the increased likelihood of flooding in urban areas: (1) Paving of natural land surfaces with concrete and asphalt (impervious surfaces) prevents infiltration, thus increasing runoff. (2) Urban drainage systems deliver runoff much faster than local streams can transport it. (3) Urban development often infringes on natural flood plains, which, when undisturbed, help to mitigate flood damage by providing large areas for temporary water storage. Flood-plain flow is relatively shallow and has low velocity, thereby allowing more time for infiltration. When natural flood-plain areas are removed by the construction of dikes, levees, and buildings, increased quantities of flow are forced into the stream channel, causing increased flood flows, velocities, and erosion potential at points downstream.
The paving of natural surfaces and the installation of drainage systems that accompany urbanization are also significant factors in influencing the water quality of urban runoff. Impervious surfaces, such as streets and rooftops, accumulate contaminants, and the increased volume and velocity of runoff provide the carrying capacity needed to transport these materials. Figure 4 depicts the sources of some of these potential contaminants.
In studies of stormwater runoff, it is necessary to express results from various studies in terms that facilitate comparison. Water quality is usually expressed in terms of the concentrations of particular constituents. Scientists often express concentration in milligrams per liter (mg/L) or micrograms per liter (jtg/L), but the almost equivalent terms of parts per million (ppm) and parts per billion (ppb), respectively, are sometimes used. When the concentration of a particular substance in water is sufficient to produce detrimental effects for the intended use of that water, the substance is called a pollutant, and the resulting condition is commonly known as water pollution. The definition of pollution in this way is important. Apart from manmade organic chemicals, toxins, or radioactive elements, many substances occur naturally in a wide range of concentrations. It is not usually the presence of a substance by itself that is inherently harmful but rather the relatively high concentration of that substance. Copper, for exam- Fertilization pie, is an essential nutrient for both plants and animals, but at 0.022 mg/L it is acutely toxic to freshwater aquatic life (U.S. Environmental Protection Agency, 1980). Thus, evaluation of water quality usually involves comparisons of substance concentrations with waterquality standards and criteria.
Overview of Urban Hydrology
There are important distinctions between wateiquality standards and criteria. A standard is a definitive numerical limitation which a water-quality constituent must not exceed or fall below. Both minimum and maximum values may be set by a regulatory body and usually take the form of law. For example, standards are usually established for the quality of drinking water. On the other hand, a criterion is "a means by which anything is tried in forming a correct judgment regarding it" (McKee and Wolf, 1963) . Anything appropriate to the purpose of the data user can be used as a criterion for evaluation of the quality of water. For example, in evaluating a water supply for use as cooling water, an engineer might compare hardness levels in the water with those levels found to cause accelerated pipe corrosion. Of course, the criterion should be backed by scientific verification, but often a criterion not precisely applicable to the user's situation can be used with qualification. For example, to evaluate the suitability of water for raising a particular fish species susceptible to waterquality degradation, a comparison could be made with parameters for the survival of carp. While carp are known to survive in water of poor quality, it could be inferred that if conditions were unsuitable or marginal for carp, then they would also be unsuitable for the more sensitive species.
Concentrations generally provide a measure of water quality at a discrete point in time. (Sometimes an average concentration is used to represent conditions over a period of time.) Over time, an important measure of water quality is constituent load, which is a total amount of a given substance in terms of mass. For studies of urban runoff, a technique is needed to enable the comparison of constituent loads between different storms at different locations. Total load, or washoff, alone cannot be used for comparison, because large watersheds will generally yield more mass of a particular constituent than similar small watersheds, given similar storm characteristics. As a better indicator of watershed differences, total load per unit area, such as pounds per acre per year of a particular constituent, has been used and works well for long-term comparisons. However, for comparisons of loads from one storm to the next, whose individual characteristics can vary significantly, another method of comparison is needed. Dividing the loading rate, in washoff per unit area, by the volume of storm runoff normalizes the loading for any storm at any location. Typical units used are pounds per acre per inch of runoff. Runoff volume, like precipitation, is usually expressed as a depth of water, such as inches, distributed uniformly over the drainage area. It is a relative unit of measurement where drainage area must also be known to obtain an absolute volume. Pounds per acre per inch (or pounds per acre-inch) is actually a concentration, since acre-inch is a unit of volume. This cot -entration, expressed in milligrams per liter, can be obtained by multiplying pounds per acre-inch of runoff bj .415. For NURP and related studies, this concentration was known as event-mean concentration (EMC). EMC is a flow-weighted average concentration for a storm: total constituent washoff divided by total storm runoff volume.
SELECTED BACKGROUND INFORMATION AND TECHNIQUES FOR PROBLEM ASSESSMENT
The development of hydrology as a science is relatively recent. Interest in hydrology is as ancient as the first well or irrigation ditch, but prior to the 19th century, only the most basic concepts were known. Urban hydrology is a subdiscipline of hydrology dealing specifically with the effects of urbanization on hydrology. Table 2 lists some major milestones in the study of urban hydrology. Prior to the 1950's, most interest was directed at those concepts involving the quantity of water. More recently, quality of water has become of significant interest. Studies of the quality of urban stormwater runoff have, until very recently, been few. NURP was the first attempt to develop and coordinate a comprehensive national data base.
Sources of Urban Stormwater-Runoff Data
The two largest repositories of urban hydrologic data are the U.S. Geological Survey and the U.S. Environmental Protection Agency. These data are stored in the WATSTORE and STORET computerized data bases, respectively. In addition, many other Federal, State, local, and private agencies maintain smaller data bases. NAWDEX is a computerized index of all hydrologic information available from participating agencies. NAWDEX does not contain the data itself, but consists of data descriptions such as geographic location, type of data, and period of record. Facilities are available to search the index by describing the data desired. The data are obtained directly from the participating agency, usually at little or no cost. NAWDEX is managed by the Geological Survey and can be accessed through any of its Water Resources Division district offices. For example, in Maryland, the Mid-Atlantic District office in Towson can be contacted at 301-828-1535. 
The Role of Data Quality Assurance
The validity and reliability of data must be ascertained by the users to ensure that correct decisions are based on adequate data. Any decisionmaking will involve some level of uncertainty. The goal of data quality-assurance programs is to minimize and document this uncertainty. It is the responsibility of the data user to decide on an acceptable level of uncertainty and to ensure that the data used at least meet certain minimum standards.
Evaluating a quality-assurance program should be done by an analyst familiar with data collection and laboratory procedures. In some cases, the reputation of
Sources of Urban Stormwater-Runoff Data
the data supplier may be sufficient to validate the data for most uses. However, no data base is flawless; in every case there must be in place some method for screening the data to prove that they meet some minimum level of reliability and certainty.
Information on quality assurance is not usually available within the data base itself but rather is provided by the agency that collected and analyzed the data. There are four general phases at which quality control should be ensured: field, office, laboratory, and data management. Elements common to all phases are proper recordkeeping and rigid adherence to standard procedures. The field phase includes careful collection, handling, and routing of water samples and documented calibration of field instrumentation and equipment. The office phase basically consists of continuously checking and cross-checking the data. Laboratory quality assurance involves adherence to an approved set of procedures and frequent checking with quality-control samples, such as standards and replicates. Data management is probably the most difficult phase to evaluate. Adherence to procedures is especially important. Since computerized data bases can consist of many thousands or even millions of data values, errors are difficult to detect unless they are very obvious. Data are stored on "soft" media, such as magnetic tape or disk. It is possible to make changes in a data set which, once made, are impossible to detect. As with the office phase, datamanagement quality assurance requires continuous checking and cross-checking.
Techniques for the Analysis and Interpretation of Urban Storm water-Runoff Data
Sources of Information
There are many statistical packages, for both large and small computers, available for the analysis of urban hydrologic data. All contain basic statistical techniques. They differ in the computer systems on which they may be used, their level of sophistication in statistical applications, special features, and, most important, the ease with which they can be used. An important and desirable feature in any statistical applications package is widespread availability. One of the most popular packages is the Statistical Analysis System, better known as SAS (Barr and others, 1979) , which is a proprietary package available to most IBM-compatible systems. Particular advantages of SAS are its ease of use and its (Nie and others, 1975 In support of the activities of the urban hydrology studies of the U.S. Geological Survey and the U.S.Environmental Protection Agency, a Data Management System was prepared by the Survey (Doyle and Lorens, 1982) . This system is built upon the features of SAS. It includes all of SAS and adds modeling and routines for entry, analysis, and listing of data and results. The system was constructed around a specific format for data collection and analysis associated with the Environmental Protection Agency-Geological Survey urban studies technical coordination plan.
In addition to the Geological Survey activities, the Environmental Protection Agency disseminated information through memoranda, workshops, and consultant reports for NURP. To obtain this information, contact the Water Planning Division at the U.S. Environmental Protection Agency headquarters in Washington, D.C.
Descriptive Statistics and Frequency Analysis
The first step in data analysis is to review the data, which can be done three basic ways: (1) Scan the entire data set, (2) plot the data, and (3) derive statistics. Scanning an entire data set is sometimes useful, but more often it is confusing and time consuming. Plotting for example, streamflow versus time gives a good overall picture of the data set but does not provide the analyst with more than a qualitative feel for the information. Statistics can provide a few numbers that represent key elements of the entire data set, simplifying review of the data and comparisons between data sets.
Common descriptive statistics are mean, median, and standard deviation. Mean is an average (the sum of all values divided by the number of values); median is the halfway point in the data (half of the values are less than the median and half are greater); and standard deviation is a measure of the dispersion of the data (the smaller the standard deviation with respect to the mean, the closer the entire data set is clustered around the mean value). When the data set is tightly clustered, the mean and median values are representative of the entire data set. Unfortunately, some data, particularly urban stormwater data, tend to be very dispersed, having a high standard deviation.
Additional statistical techniques can be used to derive a frequency analysis of the data. A frequency analysis gives information on the distribution of the data for example, the value below which 10 percent of the data falls. The common term used for this and other
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Correlation Analysis
Relations between two or more variables can be identified by correlation analysis. In simple correlation, two variables are compared; comparison of more than two variables is called multiple correlation. With either, the interpretation of results is done the same way. When a relation is logically expected, it will usually be verified by correlation analysis. However, the degree to which variables are related is unpredictable and will vary considerably.
Correlation analysis produces two important numbers the correlation coefficient (R) and the significance level (p). The correlation coefficient indicates the degree of relation between variables and varies in magnitude from zero to one. An R-value of one indicates a perfect relation; zero indicates no relation. Sometimes an Rvalue has a negative sign. This sign indicates that the relation is inverse as one variable increases in magnitude the other decreases. A negative one R-value also indicates a perfect relation.
The significance level is the probability that the true R-value is equal to or greater than the value calculated. If the p-value is high (0.95 or more is generally considered acceptable for most purposes), then the uncertainty associated with the R-value is minimal. Conversely, if the p-value is low, not much certainty can be placed upon the R-value, even if it is high.
Multiple-Regression Analysis
A possible follow up to correlation analysis is regression analysis. While correlation analysis reveals the existence of some relations between variables, regression analysis is a technique for determining an actual mathematical relation. A common misunderstanding concerning correlation and regression analysis is that they are essentially the same thing. They use very similar computational procedures, but there are critical differences. Correlation analysis considers the joint variation of two measurements over whatever is the observed range of values. Regression analysis, on the other hand, considers the variation in one measurement as the other is held fixed.
The mathematical relation in regression analysis takes the form of an equation. Mathematical equations involve two types of components, or variables. The input to an equation is an independent variable; that is, it can vary freely and does not depend on the outcome of the equation, the dependent variable. Regression analysis between one independent variable, such as time, and one dependent variable, such as streamflow, is called simple regression; when more than one independent variable is involved such as time and precipitation, the analysis is called multiple regression. Multipleregression analysis is more common in hydrology because most hydrologic phenomena are influenced by more than one input variable. The general form of a multiple-regression equation is:
where:
which is unknown; Xlt X2, X3, . . . Xn = independent variables, values which are known; OL o2> °3> on = regression coefficients; b = intercept term; and E= error term, the uncertainty in the regression equation.
Often the variables in the equation are transformed before the regression analysis by taking logarithms of all variables. This approach is taken because relations between hydrologic phenomena are often nonlinear. A nonlinear relation is simply one in which the phenomena being compared do not change at the same relative rate. After the transformation is made, and following some simple algebraic manipulation, the final equation looks like this:
Y=b(Xl">)(X2a>)(X3a>) . . . (Xna") + E
where all terms have the same definitions as before.
Some analysts will produce multiple-regression equations for predicting future values of dependent variables on the basis of expected values of the independent variables. When used properly, these equations can be powerful tools for planning. Certain precautions, however, must be emphasized. When independent variables have a high correlation among themselves (for example, rainfall intensity and peak discharge), the regression coefficients obtained can be very unrealistic (DeCoursey and Deal, 1971, p. 49) . Regression equations obtained under these conditions may be useful for estimating values within the range of data used for their generation but may not be useful as a general model nor as a basis for defining the influence of the independent variables upon the system modeled (Riggs, 1968, p. 20) . In the case study described in this report, for example, exponents of -99 and +16 were obtained for antecedent 24-and 72-hour rainfall depths, respectively. Not only are the magnitudes of the exponents unnaturally large (exponents in equations which describe hydrologic systems seldom exceed about 5), but also the signs are opposite. For variables as closely related as these, it is
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expected that at least the sign of the exponents should agree.
CASE STUDY THE JONES FALLS WATERSHED, BALTIMORE, MARYLAND
Scope of Study
The following case study of the Jones Falls watershed describes the analysis and interpretation of data collected over a 2-year period in an urban watershed located in the Baltimore, Md., metro: itan area. The work was conducted by the U.S. Geological Survey as part of its participation in the Jones Falls L' ban Runoff Project, a cooperative effort with the Baltimore Regional Planning Council, Baltimore City Water Quality Management Office, and Baltimore County Health Department. The project was one of 28 studies in the NURP program, which was coordinated and primarily funded by the U.S. Environmental Protection Agency. Specific objectives of the NURP studies were to determine the impact of urban stormwater runoff on water quality and to study the influence of basin and storm characteristics on stormwater quality.
The Jones Falls project was one of the most comprehensive studies of urban hydrology done for a city the size of Baltimore. It was also the only one of the 28 NURP studies to investigate highly urbanized, innercity areas. Besides the data and interpretations given in this report, additional work was performed by the cooperators, including monitoring at additional sites. The Baltimore Regional Planning Council may be contacted for information regarding this additional work.
Local, Regional, and National Perspectives
The centerpiece of the urban revitalization for the city of Baltimore has been its Inner Harbor, which sits astride the mouth of Jones Falls. What was formerly little more than an open sewer is today surrounded by the nationally renowned Harborplace, the National Aquarium, and a thriving convention, tourist, and mercantile center. Jones Falls, which has endured over 300 years of man's influence, is again of interest for its economic value. With the environmental initiatives of the last few decades, water quality has improved. Because of the millions of dollars of investment surrounding the stream, it is desirable to foster and maintain this improved water quality.
Jones Falls represents not only an economic resource to the Baltimore area but also has significant implications for the Chesapeake Bay, a major regional resource and an undisputed national treasure. Jones Falls is just one of many urban streams draining into the bay, itself representing only about 0.1 percent of the bay drainage basin. However, it is estimated to contribute about 1 percent of total nitrogen and phosphorus entering the bay (Fisher and Katz, 1984, p. 46) . Also, urban runoff generally contains elevated concentrations of metals (U.S. Environmental Protection Agency, 1983) and is likely a significant source of metals in the bay. Although the total impact of urban runoff on the Chesapeake Bay is undocumented, it may be a major source of pollutants. The situation becomes analogous to that faced by water-resources managers during the 1970's. At that time, point-source discharges of pollutants were being cleaned up, yet it was found that water quality was still being degraded by diffuse, or nonpoint, sources of pollution such as agricultural and urban runoff. The emphasis on pollution control in the Chesapeake Bay region in recent years has been on eliminating the remaining point sources and nonurban nonpoint sources of pollution. The results of the case study presented in this report suggest that urban nonpoint sources are also significant. Urban sources of pollution may be amenable to control because they are closely clustered.
Project Description Study Area
The Jones Falls watershed encompasses 59 mi2 in Baltimore City and rural sections of Baltimore County, Md. (fig. 5 ). It is considered to be heavily urbanized, with 54 percent of the total area developed to some extent. Upstream of Lake Roland ( fig. 5 ), the watershed is primarily rural or agricultural. Figure 6 shows typical land use and a stream segment in the upper part of the watershed. The southernmost part, about 16 mi2, is the most heavily urbanized, with about 84 percent in urban use. Figure 7 shows typical land use and a stream segment in this section of the watershed. About 46 percent of the land south of Lake Roland is classified as low-, medium-, and high-density residential. Streets and alleys constitute 21 percent of total land area in this section.
The climate is generally warm summers and mild winters. The coldest period is usually in late January and early February, and the warmest is in the last half of July and early August. The distribution of monthly precipitation is fairly uniform throughout the year, and the average yearly precipitation is 42 in. Long-duration storms predominantly occur during the cold season (December through March). Average precipitation intensities are highest in June, July, August, and September (0.08 to 0.13 in/hr), whereas the lower intensity storms usually occur in December through April (0.03 to 0.05 in/hr). During cold-weather months, prevailing winds are from the west or the northwest. Southerly winds predominate during warm months. The average annual wind speed is about 10 mi/hr, with the highest frequency of strong winds between late winter and early spring.
The work described in the case study focused primarily on high-density residential land use, although one watershed investigated included commercial areas. Several different neighborhoods were studied to learn whether water-quality characteristics of urban runoff vary with differences in land treatment. Land treatment refers to practices such as refuse disposal, street sweeping, lawn and garden fertilization, pesticide use, and other practices which could influence the presence or distribution of potential pollutants on the land surface. It also includes factors such as population density, traffic patterns, building materials, and proximity to public-works facilities. Figure 8 shows the location of the areas studied within the Jones Falls watershed. A monitoring station was maintained near the mouth of the Jones Falls (Biddle Street) to obtain data on runoff and waterquality for the entire watershed. Three small watersheds (Hampden, Reservoir Hill, and Bolton Hill) were also studied, each representing a different type of land treatment. These four stations were operated by the U.S. Geological Survey. The other monitoring stations shown in figure 8 (Mount Washington, Homeland, Lake Roland, and Stoney Run) represent lower density land uses and were operated by the Baltimore Regional Planning Council. The station names correspond to the names of the city neighborhoods or areas around the watersheds.
Characteristics of the watersheds are listed in table 4. The Hampden ( fig. 9 ) neighborhood was originally a village that grew around some of the many mills along the Jones Falls. The age and style of houses in Hampden varies, although most are modest-size rowhouses. There is a strip of retail-commercial area along its principal street ( fig. 9) and is swept on a schedule by a Department of Sanitation "hokey-man." A hokey-man consists of a single person who uses a push-broom, shovel, and cart to keep the street gutters free from litter. This technique of street sweeping is particularly effective for litter control because the gutters are cleaned better than with a mechanical sweeper. Much of the material that becomes available for transport by runoff accumulates in the gutter area.
The housing in Reservoir Hill ( fig. 10 ) is very similar to that found in Bolton Hill ( fig. 11 ), consisting mainly of Victorian rowhouses (townhouses) built about 1880 to 1890. While both were originally affluent and well-maintained neighborhoods, they decayed with time and changing economic conditions, but they are now experiencing a revitalization. Reservoir Hill's renovation, however, is well behind that of Bolton Hill. Many of the living units in Reservoir Hill are rentals, so there is little incentive for major capital improvements by the residents. There is no street sweeping within the Reservoir Hill watershed. Bolton Hill has rental housing also, but many homes are owner-occupied. Bolton Hill has a much lower population density, and there is scheduled street cleaning by hokey-cart.
Data Collection
Rainfall, runoff, and water-quality data were collected in 1981 and 1982 at the watershed sites described above. The data consist of rainfall and runoff at 1-minute intervals for the small watershed sites and streamflow at 5-minute intervals for the Biddle Street site. Water-quality data were collected as either discrete samples or flow-weighted-composite samples. In addition, a network of eight supplemental rain gages was maintained in the watershed to better define watershed rainfall and to help estimate missing data at the monitoring sites. Continuous rainfall data were collected at 5-minute intervals at the supplemental rain-gage sites. Data were collected, verified, and entered into WATSTORE for the events sampled during 36 separate storms. Table 5 indicates the storms for which data were collected. Table 6 lists the water-quality constituents for which analyses were made. Eight of the sixteen constituents were selected for detailed data analysis. The eight constituents were chosen because they are representative of the types of potential contaminants of most interest in the study total suspended solids is a measure of sediment, which is itself of concern, but also is a medium for constituent transport; total Kjeldahl nitrogen and total phosphorus are important nutrients; total organic carbon and chemical oxygen demand are measures of organic pollution; and total copper, total lead, and total zinc are potentially toxic metals.
It may be useful at this point to consider the meaning of these various measurements and determinations in more detail. The nutrients nitrogen and phosphorus are essential for the growth of all plants, including algae. However, nutrient concentrations in water in excess of those required to sustain an existing algal population lead to excessive propagation, or algal blooms. These blooms are unsightly; they can foul equipment and can block light penetration to flora and fauna at lower depths. When the blooms die off, at the least there will probably be an objectionable odor. Possibly, the consumption of dissolved oxygen required for decomposition of the dead algae will deplete that available for fish, and fish kills will occur. Sediment, another pollutant, is indigenous to the environment. Sediment is a product of erosion, a natural process. However, man's activities often accelerate erosion. The sediment thus generated can, like algae, reduce light penetration in water. In sufficient quantities, it can bury submerged aquatic vegetation and bottom-dwelling animals as it drops out of suspension in a stream, lake, or estuary. Also, it is a medium for transport of other pollutants, including phosphorus, metals, and organic chemicals, such as pesticides.
Organic pollution, indicated by high chemical oxygen demand and concentrations of total organic carbon, in most cases causes a demand upon the aquatic system for oxygen to decompose organic materials. As discussed above, oxygen depletion can lead to odor problems and fish kills. Sources of organic pollution include dead plant materials (such as algae), sewage, and anything that is biodegradable. Chemical oxygen demand is a measure of oxygen consumption when all materials in a sample are oxidized in a strong chemical reaction. Materials that would not normally be oxidized by biological decomposition are included, so it is used only as an index of organic pollution. However, it is a relatively simple and inexpensive procedure. Total organic carbon is a direct measurement of total organic material from both natural and synthetic sources. It is a more complex and more expensive procedure than the determination of chemical oxygen demand. Because it may include compounds that are not easily biodegradable, it also is only used as an index of organic pollution.
Metals are toxic to many organisms. Copper is an essential nutrient for both plants and animals at trace concentrations. However, at higher concentrations, copper is used as a herbicide, and, above 22 parts per billion, it is toxic to many fish. Zinc is also an essential nutrient at low concentrations. However, excessive amounts of zinc affect growth rates and decrease both the weight and fat content of the liver. Lead is not a nutrient and may be toxic even at trace concentrations.
Water-quality data were also collected during baseflow conditions at the Biddle Street site every 2 weeks, when possible. Data were collected to define waterquality conditions during nonstorm periods. Base-flow sampling included measurements of pH, specific conductance, dissolved oxygen, and temperature, as well as analysis for the constituents listed in table 6. Data for 29 base-flow samples have been entered into WATSTORE. Table 7 lists and summarizes the rainfall and runoff characteristics of the sampled storms. Most of these characteristics were derived from 1-minute rainfall1 / runoff data at the small watersheds and 5-minute streamflow at Biddle Street. The supplemental rain-gage data were used to derive rainfall characteristics for the Biddle Street site (which represents the entire Jones Falls watershed) and to estimate missing data at the small watersheds. These results and their significance are discussed in the following section. [Storm data consist of streamflow and water-quality data for the Biddle Street site (main stem) and rainfall, runoff, and water-quality data for the other three sites (small watersheds)] Table 8 lists statistics for EMC's observed at the three small watershed sites. The standard deviation is high with respect to the mean (generally, about 100 percent of the mean), indicating that the data are widely dispersed. This means that additional observations can be expected to have a wide range of values; in other words, the EMC's do not remain constant between storms or over time. Percentiles are also listed in table 8. Note percentiles below 10 and above 90 are not given, because not enough data were collected to compute them. A percentile of 5 or 95, for example, requires at least 20 data points to compute.
Statistics can be used for data interpretation. For example, a comparison of means and standard deviations among several watersheds can reveal differences related to watershed characteristics. A mean value of a particular chemical constituent can be compared to a particular water-quality criterion, such as a drinking water standard. Also, a frequency analysis (percentiles) can be used to determine the percentage of data values that exceed the criterion. Such an analysis can be used to estimate the probability that the criterion will be exceeded in the future. Table 9 compares instantaneous concentrations (at a particular instant in time) and EMC's to selected water-quality criteria. Figures 12 through 15 present the comparisons graphically. Both instantaneous concentrations and EMC's must be considered in assessing water quality. Aquatic organisms can be affected by either a short-term exposure to a high concentration (acute) or by a prolonged lower concentration (chronic). High instantaneous concentrations, while important, may result from a transient condition or contamination of water samples. EMC's are more indicative of long-term conditions; thus, only EMC's are subjected to further detailed analysis.
As table 9 shows, the criteria considered are exceeded in most stormflow observations, particularly the EMC's. Most suspended solids EMC's exceed limits for secondary sewage effluent. EMC's for nutrients, total Kjeldahl nitrogen, and total phosphorus exceed concentrations observed in forest watersheds for 93 to 100 percent of all observations. Also, total phosphorus for all samples exceeds 0.04 mg/L, a general criterion 
1 Base flow has been subtracted from Q and PEAKQ to yield the volume of water that represents only stormwater runoff. proposed by Lee and others (1981) for classifying lakes as eutrophic. Most EMC's for total organic carbon, an indicator of general organic contamination, are higher than those considered typical for nonpolluted streams in the United States. Except for total zinc at Reservoir Hill, all EMC's for metals exceed long-term exposure limits for freshwater aquatic life. Urban runoff is considered to be a primary source of some metals in receiving waters. In general, table 9 and figures 12 through 15 indicate that all the sampled urban stormwater runoff is significantly degraded with respect to the water-quality criteria considered. Figures 14 and 15 show the distribution of EMC's observed for the three small watersheds. A visual comparison between plots reveals that the ranges of observations for the three sites generally have the same magnitudes. The only clear differences are that total phosphorus values tend to be higher at Reservoir Hill and total copper tends to be higher at Bolton Hill. Mean total lead and total zinc values are slightly higher at Bolton Hill, and total Kjeldahl nitrogen is slightly higher at Reservoir Hill. Statistical tests (analysis of variance, or ANOVA) verify these observations as being statistically significant differences. They reveal also that mean total lead and total zinc values are higher at Reservoir Hill. The importance of statistical significance is that the comparison is objective; the statement that a difference exists can be made with some certainty. It is associated with a significance level in this case, greater than or equal to 0.95, which is actually the probability that the correct decision has been made. The implication of observed differences is that one particular watershed can be shown to contribute more to water-quality problems, suggesting that pollution abatement programs will be more effective if they are concentrated in that watershed. 4 Malcolm and Durum, 1976 ; typical concentration for nonpolluted United States streams under normal flow conditions. 5 U.S. Environmental Protection Agency, 1980; acute exposure limit for freshwater aquatic life assuming hardness of 100 mg/L as CaCO3 .
6 U.S. Environmental Protection Agency, 1980; chronic exposure limit for freshwater aquatic life assuming hardness of 100 mg/L as CaCO3 .
Factors Influencing Water Quality
Storm Characteristics
An axiom accepted at the onset of the project was that storm characteristics play a key role in influencing the water quality of urban stormwater runoff. The relation between storm characteristics and water quality must be determined before a pollution-control strategy can be developed. If peak discharge is the principal factor affecting water quality, for example, then techniques to control the peak, such as stormwater detention ponds, can be considered. Statistical correlation analysis was used to search for possible relationships between EMC's and storm characteristics. Twelve storm characteristics were investigated. To simplify interpretation of the results, these characteristics were grouped into five classes of influencing factors: (1) volume, (2) duration, (3) intensity, (4) accumulation, and (5) timing. indicates the grouping of the factors. Accumulation refers to material on the land surface and is directly related to the time period since the previous rainfall. It is inversely related to antecedent rainfall with greater antecedent rainfall, less material accumulates on the land surface. Antecedent rainfall is used in this analysis as a measure of accumulation.
Correlation analysis between selected water-quality constituents and storm characteristics was used to identify relations having significant correlation coefficients: that is, those greater than 0.50 with a significance level of 0.95 or better. Table 11 summarizes the significant relations determined for event-mean concentrations versus the grouped storm characteristics from table 10. The sign indicates whether the relation is directly ( + ) or inversely (-) proportional.
In evaluating the correlations, certain general results are expected: EMC's should increase with intensity and accumulation factors and decrease with volume and duration. Accumulation makes material available for washoff, and intensity provides the energy required to transport it. EMC's decrease with increased duration and generally with volume as the supply of available (Sylvester, 1961) Typical for non-polluted streams (Malcolm and Durum, 1978) Figure 12. Comparison of instantaneous concentrations of total Kjeldahl nitrogen, total phosphorus, chemical oxygen demand, and total organic carbon at the Hampden, Reservoir Hill, and Bolton Hill watersheds.
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